The reovirus 21 protein, a major component of the inner capsid, has been shown to exhibit an affinity for dsRNA in a 'Northwestern' filter-binding assay. In the present study it was demonstrated that the protein can bind dsDNA as well as dsRNA. A bacterial expression system was used to study the protein region able to bind to nucleic acids. The amino-terminal 187 amino acids of 21 were fused to the bacterial maltose-binding protein and shown to be sufficient for binding to nucleic acids. The putative zinc finger present on 21 is not encompassed in this fragment of the protein. Site-directed mutagenesis also indicated that this zinc finger motif is unrelated to binding. In contrast, mutations introduced in a previously suggested nucleotide-binding motif almost completely prevented the binding. These data indicate that the amino-terminal end of 21, encompassing its nucleotide-binding motif, is involved in the affinity of this protein for nucleic acids.
The reovirus 21 protein, a major component of the inner capsid, has been shown to exhibit an affinity for dsRNA in a 'Northwestern' filter-binding assay. In the present study it was demonstrated that the protein can bind dsDNA as well as dsRNA. A bacterial expression system was used to study the protein region able to bind to nucleic acids. The amino-terminal 187 amino acids of 21 were fused to the bacterial maltose-binding protein and shown to be sufficient for binding to nucleic acids. The putative zinc finger present on 21 is not encompassed in this fragment of the protein. Site-directed mutagenesis also indicated that this zinc finger motif is unrelated to binding. In contrast, mutations introduced in a previously suggested nucleotide-binding motif almost completely prevented the binding. These data indicate that the amino-terminal end of 21, encompassing its nucleotide-binding motif, is involved in the affinity of this protein for nucleic acids.
Most viruses possess proteins with affinity for nucleic acids, and mammalian reoviruses, with dsRNA genomes, are no exception. The a3 reovirus protein exhibits an affinity for dsRNA (Huismans & Joklik, 1976; Schiff et al., 1988; Miller & Samuel, 1992) whereas the aNS protein has an affinity for ssRNA (Huismans & Joklik, 1976; Gomatos et al., 1981; Stamatos & Gomatos, 1982) . One study has suggested that aNS also has an affinity for DNA (Shelton et al., 1981) , although this early observation has never been confirmed. Recent studies have further examined binding of nucleic acids to reovirus proteins by using a sensitive 'Northwestern' filter binding assay sometimes referred to as an RNA overlay-protein blot assay (Bowen et al., 1980; Boyle & Holmes, 1986) . Double-stranded RNA recognition by a3 was confirmed by this technique which was also instrumental in locating the binding site in the carboxyterminal domain of the protein (Schiff et al., 1988 ; Miller & Samuel, 1992) . A recognition of dsRNA by both a2 and a protein of the 2 class was also noticed in these studies (Schiff et al., 1988) . Further studies of these proteins is essential for a better understanding of reovirus multiplication and may also shed light on essential properties of RNA-and DNA-binding proteins.
To initiate these studies, the binding of dsRNA to specific viral polypeptides was first confirmed. Reovirus serotype 3 particles were recovered from infected L cells and purified by standard freon extraction and caesium chloride gradient ultracentrifugation (Smith et al., 1969) . Viral proteins were then resolved by SDS-PAGE (Laemmli, 1970) and electrotransferred (Towbin et al., 1979) onto nitrocellulose filters (Schleicher & Schuell; 0-45 ~tm pore diameter) (Fig. 1, lane 1) . Binding of 32p_ labelled dsRNA to these filter-bound proteins was examined by the 'Northwestern' method according to standard procedures (Schiff et al., 1988) . Reovirus dsRNA was used as the radioactive dsRNA probe. This dsRNA was extracted from purified reovirus particles following metabolic labelling of virus-infected cells with [32P]phosphoric acid as previously described (Danis et al., 1993) . The probe was applied to the filters at a concentration of 105c.p.m./ml (Cerenkov) (specific activity 2 × l0 G to 5 × 106 c.p.m./tag) and incubated for 2 h at room temperature in binding buffer (10mM-Tri~HC1 pH 7"5, 1 mM-EDTA, 50 mM-NaC1, 0.04% BSA, 0-04% Ficoll 400, 0.04% polyvinylpyrrolidone-360); the filters were then washed in the same buffer and exposed against X-ray films (Schiff et al., 1988) . Using this procedure, the binding of dsRNA to a viral protein of the 2 class was more striking than for any of the other reovirus proteins (Fig. 1, lane 2) . One of the 2 proteins is clearly the main reovirus polypeptide exhibiting affinity for dsRNA in this assay, and the rest of this paper will thus be devoted to this protein.
The binding of other nucleic acids to this 2 protein was first examined. Radiolabelled dsDNA was obtained by nick translation (Rigby et al., 1977) 10 x 106 c.p.m./lag) and used to perform 'Southwestern' analyses of reovirus proteins using the same binding and washing procedure as in the previous Northwestern experiment. This procedure revealed a strong binding of the radioactive DNA, similar to the signal obtained with dsRNA (data not shown). Denaturation of the DNA by alkaline treatment (0.5 M-NaOH for 10 min at room temperature) essentially abolished this binding. The residual binding (at most 2% according to laser densitometric analysis) was probably due to partial renaturation under the non-denaturing conditions used during incubation of the filter with the radioactive DNA. The affinity of the 2 protein for nucleic acids thus appears to be restricted to double-stranded nucleic acids but is exhibited toward both RNA and DNA. We further pursued our study of the affinity of the 2 protein toward different nucleic acids. For this purpose, we first tried to prevent the binding of radiolabelled nucleic acids by adding a 100-fold excess of unlabelled nucleic acids. This filter-binding assay is probably not strictly quantitative; however, some general conclusions were obtained from these studies. The binding of doublestranded nucleic acids, RNA or DNA, was not reduced by the presence of an excess of ssRNA; this observation is consistent with the previous observation suggesting that the 2 protein lacks affinity for single-stranded nucleic acids. An excess of dsDNA easily prevented dsRNA binding; a 60-fold decrease was observed. This result supports the notion that dsRNA and dsDNA bind to the same region of the protein, or at least that both kind of nucleic acids share part of a common binding site. For unknown reasons, unlabelled dsRNA, either extracted from reovirus particles or synthetic poly(rI)-poly(rC), was a poor competitor of the binding of radiolabelled nucleic acids. However it was apparently more efficient in preventing the binding of dsRNA, suggesting a weaker binding of dsRNA than dsDNA.
At this point, the exact nature of the 2 protein exhibiting the affinity for nucleic acids was still unclear since the resolution of 2 proteins by standard SDS-PAGE, using the Laemmli's gel system, was insufficient for separation of 21 from 22. However previous investigators have found that the dsRNA-binding property can be assigned to the 21 protein (Schiffet al., 1988) . This point was verified by achieving a better separation of the 2 proteins using the SDS-phosphate-urea gel system (Zweerink & Joklik, 1970) . The separated proteins were detected by Coomassie blue staining (Fig. 2, lane 1) and the gel slice containing 21 was excised with a razor blade before being loaded onto a second SDS-polyacrylamide gel (Laemmli's system). The gel slice containing both 22 and 23 was also loaded in a separate well. Binding of radioactive dsRNA was then examined following transfer of the proteins to a nitrocellulose filter. This experiment confirmed that the 21 protein is the only 2 protein exhibiting affinity for nucleic acids in this assay; the 22+23 sample did not show any detectable binding (Fig. 2 , compare lane 2 to lane 4). Proteolytic digestion of the 21 protein recovered from the first gel was also performed in an effort to determine the minimal length of the DNA-binding region harboured by 21. For this purpose, a gel slice containing the 21 protein was loaded onto the second gel and 1 lag of chymotrypsin was added to the well. Digestion was allowed to proceed in the gel during electrophoresis, according to the Cleveland mapping procedure (Cleveland et al., 1977) . This experiment revealed that a distinct fragment of about 12K is sufficient for nucleic acid recognition (Fig. 2, lane 3) .
The protein 21 thus possesses a small region that harbours a binding site for double-stranded nucleic acids. This protein is one of the largest reovirus proteins with a calculated M r of 137K (1233 amino acids). The amino-terminal region of 21 (Fig. 3) was shown to possess some potential structural motifs suspected to be involved in the binding of nucleic acids (Bartlett & Joklik, 1988 (328) is indicated and this region is presented in greater details. Consensus zinc finger and nucleotide-binding structural motifs are illustrated as well as the position of the termination codon introduced to truncate the putative zinc finger and generate MBP 21(187).
14.5K
i !j I-105K Fig. 2 . Binding of dsRNA to a fragment of the 21 protein from reovirus particles. Lane 1, proteins from purified reovirus particles were resolved by 7-5 % SDS-phosphate urea-PAGE and proteins were detected by Coomassie blue staining. Positions of viral proteins are indicated. Lanes 2 to 4, gel slices were recovered from this gel and were loaded onto a 15% SDS-PAGE gel. After electrophoresis, the resolved proteins were transferred to a nitrocellulose filter and analysed by the Northwestern procedure with labelled dsRNA as described in the text. Lane 2, a gel slice containing the 21 protein was loaded onto the SDS-PAGE gel; lane 3, a gel slice containing the 21 protein was loaded onto the same gel and treated with 1 gg of chymotrypsin as described in the text; lane 4, a gel slice containing both the 22 and 23 proteins was loaded onto the same 15 % SDS-PAGE gel. Positions of comigrated low M r standards are indicated. form C C H H located between amino acids 183 and 206; such motifs are often involved in the binding o f proteins to nucleic acids (Berg, 1986 (Berg, , 1990 Harrison, 1991; Vallee et al., 1991) . However, despite the usual importance of the zinc finger in protein-nucleic acid interactions, it should be noted that a similar structure present in the reovirus or3 protein was shown to be unrelated to the affinity of this protein for d s R N A (Schiff et al., 1988; Miller & Samuel, 1992) . In addition to the zinc finger, it has been suggested that the T K G K S S G sequence observed seven amino acids before the aminoterminal end o f 21 could act as a nucleotide-binding site (Bartlett & Joklik, 1988) . Finally, even if the 21 protein is somewhat acidic, there are some small regions in the amino-terminal portion where a local basic charge is observed. The amino-terminal quarter o f 21, encompassing both the putative zinc and nucleotide-binding sites, was thus chosen for further investigation. The amino-terminal region o f the 21 protein, encoded by the cloned L3 gene (Bartlett & Joklik, 1988) , was expressed using a bacterial expression vector. In this system, the protein of interest is produced as a fusion product with the maltose-binding protein (MBP) o f Escherichia coli (Guan et al., 1987; Maina et al., 1988) . P C R was used to amplify the L3 D N A region encoding the first 328 amino acids of the 21 protein. This portion o f the protein is still much larger (35K) than the smallest fragment (12K) previously shown to bind nucleic acids following chymotrypsin digestion of 21. The 3' end oligonucleotide primer, used in the amplification reaction, was designed to mutate the G A A c o d o n at position 329 (Bartlett & Joklik, 1988) phase. Bacterial pellets were recovered following a 2 h treatment with IPTG, and the bacteria were lysed by boiling in sample buffer before analysis by SDS-PAGE. Analysis of the proteins following IPTG induction revealed the production of the expected 78K protein of interest consisting of the MBP protein and the 35K portion of 21 (Fig. 4a, lane 3) . Analysis of an MBP-flgalactosidase fusion protein (MBP-Lac; 52K) allowed us to verify that the MBP protein by itself has no DNAbinding activity. Only some endogenous bacterial proteins of 110K and 68K exhibited a detectable affinity for DNA (Fig. 4b, lane 13) . The MBP-)~l(328) fusion protein was, however, clearly the major DNA-binding protein present in the bacterial cells following IPTG induction of the bacteria expressing this protein (Fig. 4b,  lane 12) . The first 328 amino acids of the 21 protein are thus sufficient for nucleic acid recognition. The bacterial expression system appears adequate for further studies dealing with identification or 'dissection' of the protein structures involved in the binding of nucleic acids. Substitution of specific amino acids of the 328 amino acid region was achieved by oligonucleotide-directed mutagenesis (Zoller & Smith, 1982) of the doublestranded expression vector encoding MBP-21(328) (Deng & Nickoloff, 1992) as recommended by the manufacturer (Pharmacia). The zinc finger consensus motif was first altered, changing the central histidine at position 203 (illustrated in Fig. 3 ) to alanine to generate protein MBP-21(H203A). The previously suggested nucleotide-binding motif was also mutated separately to replace the two lysine residues at positions 9 and t 1 for alanine residues 11A) ].
The expression of the mutated forms of the protein was first verified by Coomassie blue staining (Fig. 4a) . The different mutants and the non-mutated protein were all expressed at similar levels. The ability of the two mutant proteins to bind dsDNA was then examined by the 'Southwestern' procedure (Fig. 4 b) . The same results were obtained when dsRNA was substituted for dsDNA in this filter-binding assay (data not shown). The mutation in the zinc finger did not reduce the dsDNAbinding capability of 21 (Fig. 4b, lane 10) . Some smaller protein products, absent from bacterial cells that do not express M B P 2 1 fusion proteins, were also observed. These smaller protein fragments are probably degradation products encompassing the DNA-binding domain of 21 and were also present in some experiments with the non-mutated fusion protein (data not shown). As in the a3 reovirus protein, the presence of the zinc finger is thus unrelated to the affinity for nucleic acids exhibited by 21. In contrast, replacement of the two basic amino acids in the suspected nucleotide-binding site almost completely abolished DNA binding (Fig. 4b, lane 11) .
The importance of the two amino acids at positions 9 and 11 suggests that the 12K DNA-binding polypeptide fragment is most likely located at the extreme aminoterminal end of 21. To verify this point further, a premature termination codon was introduced to generate a 21 protein truncated in the middle of the putative zinc finger (illustrated in Fig. 3 ). To achieve this result, the expression vector encoding MBP-21(328) was linearized at the PstI site [nucleotide (nt) 573] in the 21-coding sequence; the ends of the digested plasmid were then rendered blunt by treatment with T4 DNA polymerase and the plasmid recircularized by ligation with T4 DNA ligase. This procedure will shift the reading frame by 1 nt after codon 187 resulting in translational termination five amino acids residues later. As expected, this expression vector generated a fusion protein of about 63K including the amino-terminal 20K of 21 (Fig. 4a , lane 6). This smaller protein also exhibited DNA-binding capability (Fig. 4b, lane 9 ). This demonstrates that the putative zinc finger of 21 is not required for the affinity of this protein for nucleic acids. The amino-terminal end of 21 encompasses the protein region involved in binding to nucleic acids. The 21 protein is one of the two major proteins of the inner capsid of reovirus (Joklik, 1983) and can assemble with a2 to make the capsid structure independently of viral genomic RNA (Xu et al., 1993) . It is still possible that the affinity of 21 for dsRNA is somehow involved in encapsidation, transcription or replication of the viral genome since the enzymatic activities required for most of these steps have not been conclusively assigned to specific viral polypeptides. It is not clear whether the affinity for dsDNA plays any role during the viral multiplication cycle. However it is well known that the synthesis of cellular DNA is repressed during reovirus multiplication (Ensminger & Tamm, 1969 , 1970 Hand et al., 1971; Shaw & Cox, 1973) . Although it was discovered many years ago, the molecular basis for this phenomenon of inhibition is still unknown. Genetic evidence has indicated the involvement of the S1 gene, encoding both al and crlNS proteins, in this phenomenon (Sharpe & Fields, 1981) . Earlier experiments have also indicated that aNS can bind to DNA affinity chromatography columns suggesting a possible involvement of this protein in the inhibition of DNA synthesis (Shelton et al., 1981) . However there is yet no clear evidence for a direct role of any of these proteins in the phenomenon of inhibition. The affinity of 21 for DNA, as reported in the present study, suggests a possible involvement of this protein in the inhibition of DNA synthesis; this question is still open and deserves further study.
